Introduction: We assessed the specific sonographic pattern of structural nerve abnormalities in immunoglobulin M (IgM) neuropathy and disease controls. Methods: We enrolled 106 incident patients-32 patients with IgM neuropathy, 42 treatment-naive patients with chronic inflammatory demyelinating polyneuropathy, and 32 patients with axonal neuropathies. All patients underwent standardized ancillary testing in addition to standardized sonography of the brachial plexus and the large arm and leg nerves bilaterally. Results: We found widespread nerve enlargement in IgM neuropathy and chronic inflammatory demyelinating polyneuropathy (CIDP), with specific enlargement of brachial plexus and proximal segments of median nerve but not in axonal disease controls (P < .001). Sonographic nerve hypertrophy in IgM neuropathy was not associated with nerve conduction, clinical, or laboratory characteristics. Discussion: Immunoglobulin M neuropathy is characterized by widespread nerve enlargement indistinguishable from CIDP. Our data provide evidence to confirm that the disease process is not confined to the more distal parts of nerves in either classical demyelinating or axonal variants of neuropathy with associated IgM.
INTRODUCTION
Immunoglobulin M (IgM) monoclonal gammopathy of unknown significance (MGUS) is a rare cause of polyneuropathy (throughout the main text referred to as IgM neuropathy). In serum from most patients with IgM neuropathy, antibodies against myelin-associated glycoprotein (anti-MAG) or gangliosides can be detected. [1] [2] [3] [4] Nerve conduction study (NCS) results often show abnormalities fulfilling criteria for demyelination, in particular predominant distal slowing that can be quantitated with the terminal latency index (TLI). 5, 6 Insight into the underlying pathogenic mechanisms remains limited and hampers the design of treatment strategies. 7, 8 Neuroimaging is a useful, novel, diagnostic approach and may also contribute to the clarification of the pathogenesis of neuropathies. It can be used to document specific patterns of nerve involvement and diffusivity that correspond with the integrity of myelin and axonal structures of the peripheral nerves. [9] [10] [11] [12] [13] Using MRI, our group previously showed marked nerve (root) involvement in patients with IgM neuropathy, indicating that pathology is more widespread than the pattern of distal slowing that is suggested by NCS. 10, 14, 15 Nerve ultrasound can be used to study nerve thickening in more detail because it allows assessment of multiple nerves in arms and legs in a short time. 9, [16] [17] [18] [19] [20] We systematically investigated consecutive patients with IgM neuropathy and disease controls to determine whether there is a specific pattern of nerve involvement in this disorder.
MATERIALS AND METHODS
Study design, patients, and control participants. We performed an observational case-control study in consecutive patients with IgM neuropathy and disease controls (treatmentnaive chronic inflammatory demyelinating polyneuropathy [CIDP] and chronic axonal polyneuropathies [CAP] ).
All consecutive patients who visited the University Medical Center Utrecht, a tertiary center for neuromuscular disorders, between July 2013 and July 2016 with a confirmed diagnosis of IgM neuropathy, CIDP (definite or probable according to relevant diagnostic [consensus] criteria), 4, 6, 21 or CAP were eligible for inclusion. Exclusion criteria were age < 18 years, unable to undergo nerve ultrasound investigation, and previous diagnosis of CIDP or CAP. We enrolled 106 patients (80 men and 26 women)-32 patients (17 prevalent and five incident) with a diagnosis of polyneuropathy and associated IgM MGUS (25 with demyelinating and seven with only axonal features according to NCS), 44 incident and treatment-naive patients with CIDP, and a random sample of 32 incident patients with acquired CAP (18 cryptogenic axonal neuropathy, two diabetic neuropathy, and 12 other metabolic and toxic causes) without IgM monoclonal gammopathy. All patients underwent routine ancillary testing, including standardized grading of muscle strength, NCS, and laboratory testing (see Supporting Information Methods). Immunoglobulin M monoclonal gammopathy was determined by immunoelectrophoresis. Western blot and ELISA (enzyme-linked immunosorbent assay) were used to assess the presence of antibodies against MAG and gangliosides. 22, 23 We assessed muscle strength (S.G.), overall disability sum-scores (ODSS) and Rankin scale in the patients with IgM neuropathy. 24 Sensory and motor features were categorized into sensory dominant (exclusively sensory and sensory with subtle distal muscle weakness), sensorimotor (sensory with moderate distal muscle weakness), and motor dominant (pronounced muscle weakness).
Consent and approval of study protocols. All enrolled patients gave written informed consent. The study protocol was approved by the local medical ethics committee of the University Medical Center Utrecht.
Nerve conduction studies. We performed nerve conduction studies with a Nicolet VIKING IV electromyography machine (CareFusion Japan, Tokyo, Japan) after warming limbs in water at 37 C for at least 45 minutes. 5, 25 Median, ulnar, fibular, tibial, and sural nerves were assessed in a standardized manner (see Supporting Information Methods). Criteria for demyelination have been published previously. 26, 27 Terminal latency index was calculated for median and ulnar nerves 5 
Nerve conduction studies were performed by one author (H.F.), who was not aware of the sonography results.
Nerve ultrasound studies. We used a Philips iU22 (Philips Medical Instruments, Bothell, Washington) with a 5-17 MHZ linear array transducer (L17-5) to evaluate nerve and fascicle size and vascularization of a predefined set of nerves (see Supporting Information Methods). 16, 29 We excluded the use of zoom function and limited change-of-depth settings to 0.5 cm to prevent inflation of nerve size. In addition to these standard assessments, nerve size of the median nerve in patients with IgM neuropathy was also assessed at the elbow. One author (S.G.), blinded to the electrophysiological measurements, performed all sonographic examinations. We also assessed whether there were differences between IgM neuropathy and CIDP controls in the distribution of enlargement along the length of nerves. To this end, we deployed nerve ultrasound ratios between sites (cross-sectional areas [CSA] at known sites of nerve compression vs their proximal nerve segments) and sum-scores (CSA at multiple sites within a nerve or brachial plexus). 16, 17 Statistical analysis. We used nonparametric tests to compare and evaluate associations between variables. We used Spearman's ρ to test associations, Mann-Whitney and Kruskal-Wallis tests to compare continuous variables between groups, and χ 2 testing to compare categorical variables between groups. Findings with a P-value of < .05 after adjustment for multiple testing with the Benjamini-Hochberg method when appropriate were considered significant. Multivariate logistic regression and receiver operating characteristics (ROC) analysis were applied to test for independent and discriminative sonographic variables. Statistical analysis was performed in SPSS 23.0 (IBM, Armonk, New York).
RESULTS
Clinical characteristics. Patient characteristics are summarized in Table 1 . Patients with IgM neuropathy had longer disease duration compared with CIDP and CAP disease controls (Table 1 ). There was no difference in age or sex between the groups. In patients with IgM neuropathy, distal symmetric sensory dominant and sensorimotor involvement dominated the clinical presentation of their neuropathy, whereas only two of 32 (6%) displayed a proximaldistal motor dominant phenotype that was more common in CIDP controls. Medical Research Council (MRC) sum-score was lower in IgM neuropathy and in CIDP disease controls than in CAP disease controls.
In patients with IgM neuropathy, the median serum IgM concentration was 3.9 g/L (2.9-7.1); in patients with demyelinating features it was 4.1 g/L (3.1-6.6), and in patients with only axonal features it was 3.0 g/L (2.7-11). Anti-myelin-associated glycoprotein antibodies were present only in patients with IgM neuropathy ( [3] [4] [5] , and median Rankin scale was 2. We found no association between presence of anti-MAG antibodies or IgM MGUS serum concentration and age, disease duration, MRC sum-score, ODSS, or Rankin scale. Seventeen patients with IgM neuropathy had been previously treated a median of 3 years (IQR, 2-5) prior to study inclusion, 11 with rituximab and six with short courses of intravenous immunoglobulins. Treatment-naive patients had a shorter disease duration compared with those with previous treatment (P = .04). However, there were no differences in other clinical characteristics or nerve size between treatment-naive patients and those who had been treated previously.
Sonographic studies. We found multiple nerve sites with focal enlargements in all patients with IgM neuropathy. Results of CSA measurements (Table S1 ) are summarized in Figures 1-3 . Enlargement of nerves at common sites of nerve compression (ie, median nerve at carpal tunnel, ulnar nerve at cubital sulcus, and fibular nerve at fibular head) was present in all 32 patients with IgM neuropathy, in 40 of 42 (95%) CIDP disease controls, and in 31 of 32 (97%) CAP disease controls. Hence, all 32 IgM MGUS neuropathy patients showed enlargement in nerve segments proximal to common compression sites in median (forearm, upper arm) and ulnar (forearm and upper arm, outside the sulcus) nerves. In contrast, we found only mild enlargement in these more proximal nerve segments in CAP disease controls: eight of 32 (25%, upper arm) in median and 17 of 32 (44%, distal and proximal sulcus) in ulnar. Neither the number of enlarged nerves nor nerve size in the IgM neuropathy group correlated with age, disease duration, MRC sum-score, ODSS, Rankin scale, presence of anti-MAG antibodies, or IgM MGUS serum concentration.
Nerve size was larger in IgM neuropathy patients than in CAP disease controls in all nerves except for the median nerve at the carpal tunnel, ulnar nerve at the sulcus, fibular nerve at the fibular head, and posterior tibial nerve (Figures 1 and 3 , Table S1 ). We found enlargement of the brachial plexus in patients with IgM neuropathy-in 20 of 25 (80%) with demyelinating features and in six of seven (86%) with axonal features. Furthermore, we also found hypertrophy of brachial plexus in 35 of 44 (80%) CIDP disease controls but not in any of the CAP disease controls. Only sural nerve hypertrophy was more pronounced in IgM neuropathy than in CIDP (Figure 3 , Table S1 ). When we evaluated the nerve ultrasound ratios and sum-scores, only the sum of nerve size in median nerves (forearm and upper arm segments in both arms) was significantly higher in IgM neuropathy than in the CIDP disease controls (Figure 4) .
Hypervascularization was seen in one patient with IgM neuropathy in the fibular nerve at the level of the knee and in two CIDP and two CAP disease controls at common sites of nerve compression (median nerve at carpal tunnel, ulnar nerve at cubital sulcus, and fibular nerve at fibular head).
Nerve conduction studies. Distal motor latency was longer in median and ulnar nerves, and TLI was lower in IgM neuropathy than in CIDP controls (Figure 4 , Table S2 ). The sensory nerve action potential (SNAP) of sural nerve was more often absent in IgM neuropathy than in CIDP (Table S2 ) and showed an inverse relation with disease duration (P = .03). Conduction block (CB) was present in only a few nerve segments of the patients with IgM neuropathy (one definite CB in median and one in ulnar nerves, three possible CB in median and four in ulnar nerves). In contrast, we found CB to be a more frequent finding in CIDP (14 definite CB in median and 21 in ulnar nerves, 17 possible CB in median and 25 in ulnar nerves). We found a comparable distribution of most other NCS variables in the IgM neuropathy group and CIDP disease controls (Table S2 ). Hence, these NCS variables showed no association with clinical and demographic data.
Correlation of sonography with nerve conduction studies. In patients with IgM neuropathy, there was no difference in nerve size or number of enlarged nerves or nerve segments between those with exclusively axonal and those with (distal) demyelinating features. Furthermore, we found no difference in IgM neuropathy between the axonal/demyelinating subgroups with respect to age, sex, disease duration, MRC sum-score, IgM plasma concentration, or presence of anti-MAG antibodies. Loss of sensory or motor axons and distal conduction slowing in motor axons (that fulfilled the criteria for demyelination) were not related to nerve size or number of enlarged nerve segments. Combined ultrasound and NCS to distinguish IgM neuropathy from CIDP. Although IgM neuropathy diagnosis is based primarily on the presence of IgM MGUS and (distal) demyelination according to NCS results, the European Federation of Neurological Societies/Peripheral Nerve Society criteria also address the electrodiagnostic distinction of IgM neuropathy from CIDP based on TLI (≤0.25 for median and ulnar nerves). We found only moderate sensitivity of this TLI variable that correctly identified 14 of 25 (56%) patients with IgM neuropathy (Figure 4 ). However, specificity was poor because 13 of 42 (31%) CIDP controls also fulfilled this criterion. To investigate whether nerve ultrasound may further aid their distinction, we applied logistic regression and ROC analysis to test combinations on measurements of nerve size at multiple sites. Only the nerve ultrasound sum-score of median nerve size over four anatomical sites >70 mm 2 showed considerable improvement and discerned 23 of 25 (92%) IgM neuropathy patients with demyelinating features compared with four of 42 (10%) CIDP controls (Figure 4 ). In addition, this nerve ultrasound score was also abnormal in five of seven (71%) IgM neuropathy patients with axonal features but none of the CAP disease controls.
DISCUSSION
Morphological changes in patients with IgM neuropathy are widespread, both in proximal and distal nerve segments. Disproportionate enlargement in proximal median nerve segments and sural nerves are specific findings in IgM neuropathy. This pattern of nerve enlargement resembles that of CIDP, but is distinct from the one observed in chronic axonal neuropathies.
Four other studies previously compared sonographic findings in patients with paraproteinemic neuropathies. [18] [19] [20] 30 All of these studies used different sonographic protocols and scoring systems (without predefined normal values for nerve size) and showed considerable heterogeneity of patient characteristics, including control groups with and without IgM. These studies all consequently reported variable nerve size in small samples of patients with IgM neuropathy. In our study, we used an elaborate standardized nerve ultrasound protocol and previously published cutoff values for abnormality in a fairly large sample of patients with IgM neuropathy and disease controls without IgM MGUS. 16, 29 Moreover, our patient group was homogeneous because we included only participants with IgM MGUS and related neuropathy as patients. 21, 31, 32 In contrast, the association of IgA and IgG MGUS is coincidental rather than causative. 21, 31, 32 We found widespread and homogeneous enlargement of multiple nerves in both IgM neuropathy and CIDP. 10 Only the nerve ultrasound sum of nerve size in median nerves (forearm and upper arm segments in both arms) showed promise in distinction between IgM neuropathy and CIDP, but additional studies are required to validate this finding and evaluate whether it can complement NCS. Although we investigated a relatively large number of patients, we did not find differences in nerve size between patients with antibodies to MAG and those without antibodies to MAG, as has been reported in previous studies. 18, 19 Contrary to a previous MRI study in which there were no abnormalities at the cervical nerve roots in two patients with exclusively axonal NCS features, 10 our study showed widespread nerve enlargement in patients with IgM neuropathy irrespective of NCS results (ie, with both axonal and demyelinating features). This may be explained by the elaborate sonographic protocol that evaluated more sites and by the lack of objective cutoff values for abnormality in MRI.
There was no association between nerve conduction and sonographic variables. We could not corroborate the previously found negative correlation between nerve size and motor conduction velocity in the of median and ulnar nerves of the forearm. 18 This lack of association between NCS and nerve ultrasound is a more general observation in inflammatory neuropathies. For example, we have not been able to find a correlation between nerve thickening and focal NSC abnormalities (eg, CB). 17, 33 The disproportionate distal slowing that characterizes IgM neuropathy was not reflected by predominant nerve thickening in distal nerve segments. The only possible exception was the sural nerve. We found larger size (CSA) and absent SNAP of sural nerves more frequently in IgM neuropathy than in CIDP. 5 Furthermore, both conduction slowing and sonographic nerve enlargement at entrapment sites are frequent findings in IgM neuropathy and indicate increased sensitivity for nerve entrapment that adds to additional mechanisms of nerve injury in IgM neuropathy. 34 Sonographic findings show more similarities between patients with IgM neuropathy and those with CIDP compared with NCS findings and immune biology. Predominant distal slowing is the hallmark of IgM neuropathy, while multifocal abnormalities (conduction slowing or block) are more common in CIDP. Furthermore, the underlying immunemediated mechanisms probably differ with little or no contribution of T lymphocytes in addition to antibodies in IgM neuropathy, in contrast to CIDP in which activity of T cells is more important. 35, 36 We could speculate that IgM deposits are more pronounced distally, for example, due to local differences in MAG expression or accessibility and that this is reflected in differential vulnerability of nerve segments with predominantly distal changes in myelin and paranodal morphology and axonal loss. 37, 38 The involvement of proximal nerve segments in IgM neuropathy may alternatively predispose to (axonal) dysfunction that accumulates at the most distal segments of the nerves.
How can we explain comparable sonographic findings in IgM neuropathy and CIDP when other features differ? It is possible that both humoral (IgM neuropathy and CIDP) and cellular (CIDP) immune-mediated mechanisms can cause disruption of the myelin sheath that results in nerve thickening. In IgM neuropathy, IgM deposits in the myelin sheath, and binding to MAG and other glycoproteins in myelin lamellae causes characteristic widening of uncompacted myelin sheaths and segmental demyelination-remyelination. 15, [39] [40] [41] [42] In CIDP, intricate and only partially elucidated cellular and humoral responses are the main driving forces behind onion bulb formation, neural infiltrates, and edema. 43 All these processes apparently generate focal thickenings in both disorders 44 that can be detected with ultrasound in nerves throughout their length.
Limitations of our study are the cross-sectional design and the inclusion of a subset of patients with IgM neuropathy who had been treated for an average of 3 years prior to investigation. Nerve size may vary with disease activity and duration, 45, 46 which is why we chose to include only treatment-naive CIDP and chronic axonal neuropathies without IgM MGUS as controls. Our study provided no evidence of differences in nerve size between IgM neuropathy patients with short and longer disease duration or treatment status, so these factors are unlikely to have influenced sonographic findings between groups.
In conclusion, IgM neuropathy is characterized by widespread nerve thickening similar but not completely identical to CIDP. Additional studies are required to evaluate whether nerve ultrasound may be a useful biomarker to monitor experimental treatment effects in IgM neuropathy.
